A hallmark of mammalian brain evolution is the emergence of the neocortex, which has expanded in all mammalian infraclasses (Eutheria, Marsupialia, Monotremata). In eutherians, neocortical neurons derive from distinct neural stem and progenitor cells (NPCs). However, precise data on the presence and abundance of the NPCs, especially of basal radial glia (bRG), in the neocortex of marsupials are lacking. This study characterized and quantified the NPCs in the developing neocortex of a marsupial, the tammar wallaby (Macropus eugenii). Our data demonstrate that its neocortex is characterized by high NPC diversity. Importantly, we show that bRG exist at high relative abundance in the tammar indicating that this cell type is not specific to the eutherian neocortex and that similar mechanisms may underlie the formation of an expanded neocortex in eutherian and marsupial mammals. We also show that bRG are likely to have been present in the therian ancestor, so did not emerge independently in the eutherian and marsupial lineages. Moreover, our data support the concept that changes in multiple parameters contribute to neocortex expansion and demonstrate the importance of bRG and other NPCs for the development and expansion of the mammalian neocortex.
Introduction
A major hallmark of mammalian brain evolution is the emergence of the 6-layered neocortex, which has expanded in all 3 major mammalian infraclasses (Eutheria, Marsupialia, Monotremata) (Glenn Northcutt and Kaas 1995; Kaas 2011; Molnar 2011; Geschwind and Rakic 2013; Lewitus et al. 2014) . Much of our understanding of the processes underlying neocortex development and expansion has been obtained in eutherians, in which neocortical neurons originate from 3 principal classes of neural stem and progenitor cells (NPCs): apical progenitors (APs), subapical progenitors (SAPs), and basal progenitors (BPs) (Breunig et al. 2011; Fietz and Huttner 2011; LaMonica et al. 2012; Florio and Huttner 2014; Taverna et al. 2014; De Juan Romero and Borrell 2015; Montiel et al. 2016) . APs are the primary NPCs that undergo mitosis at the ventricular surface in the ventricular zone (VZ), the most apical layer of the developing cortical wall. They consist of neuroepithelial cells (NECs), which transform into the apical radial glia (aRG) at the onset of neurogenesis (Kriegstein and Götz 2003; Götz and Huttner 2005) and the apical intermediate progenitors, also referred to as short neural precursors (Gal et al. 2006; Stancik et al. 2010 ). All 3 subtypes display an apical domain consisting of an apical plasma membrane, associated apical cell cortex, and apical adherens junctions (Fietz and Huttner 2011; Florio and Huttner 2014) . In addition, NECs and aRG maintain a radially oriented basal process that contacts the basal membrane throughout the cell cycle, including M-phase (Miyata et al. 2001; Kosodo et al. 2008) . Before the onset of neurogenesis, APs mainly undergo symmetric proliferative divisions. With the onset of neurogenesis, they start dividing asymmetrically, with each division generating an AP and a more differentiated cell, either a neuron or another NPC (Miyata et al. 2001 (Miyata et al. , 2004 Noctor et al. 2001 Noctor et al. , 2004 Haubensak et al. 2004; Rakic 2009; Geschwind and Rakic 2013) .
In contrast to APs, SAPs and BPs undergo mitosis at abventricular positions, either in the basal part of the VZ or in the subventricular zone (SVZ), the germinal zone adjacent to the VZ (Florio and Huttner 2014; De Juan Romero and Borrell 2015) . SAPs, also referred to as bipolar radial glia cells, are a small population of progenitors that maintain a basal process throughout the cell cycle and display, in contrast to BPs, an apical domain (Pilz et al. 2013) . The diversity and enlargement of the BP pool varies widely between eutherians, which show various degrees of neocortex expansion (Fietz and Huttner 2011; LaMonica et al. 2012; Florio and Huttner 2014; Taverna et al. 2014; De Juan Romero and Borrell 2015; Montiel et al. 2016) . In general, BPs comprise 2 major subtypes, the basal intermediate progenitors (bIPs) and basal radial glia (bRG) (Florio and Huttner 2014) . bIPs, also referred to as intermediate progenitor cells (Noctor et al. 2004; Martinez-Cerdeno et al. 2006) , retract their apical and basal processes prior to M-phase ). They represent the major BP cell type in rodents that possess a relatively low degree of neocortex expansion, where they mainly undergo symmetric neurogenic division thus displaying limited proliferative potential . In contrast, bRG, also referred to as outer (Hansen et al. 2010; Wang et al. 2011) , intermediate (Reillo et al. 2011 ), or translocating (Martinez-Cerdeno et al. 2012 ) RG cells, represent the major BP cell type in primates including rhesus macaque (Martinez-Cerdeno et al. 2012) , cynomolgus monkey (Betizeau et al. 2013) , and human (Fietz et al. 2010; Hansen et al. 2010 ) that possess a remarkably high degree of neocortex expansion. Besides lacking an apical domain, bRG share major features with APs including radially oriented processes throughout the cell cycle (Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011; Martinez-Cerdeno et al. 2012; Betizeau et al. 2013; LaMonica et al. 2013) . It has been suggested that this retention enables these cells to self-renew (Fietz et al. 2010; Fietz and Huttner 2011) . This higher proliferative potential ultimately results in a higher neuronal output and thus a more expanded neocortex (Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011; Betizeau et al. 2013; LaMonica et al. 2013) .
Intriguingly, bRG are also highly abundant in the developing SVZ of other eutherians that possess a relatively high degree of neocortex expansion, such as the ferret, marmoset, and sheep suggesting a more general role of bRG in mammalian corticogenesis (Fietz et al. 2010; Reillo et al. 2011; Kelava et al. 2012; Pilz et al. 2013) . This leads to the question of whether this cell type is specific to the eutherian neocortex or whether it can also be found in the neocortex of other mammalian infraclasses such as marsupials. In the latter case, this raises the further question of whether marsupial and eutherian species have developed a similar mechanism, that is, high abundance of bRG, for the generation of an expanded neocortex.
Marsupials diverged from the common ancestor of marsupial and eutherian mammals more than 160 million years ago (Luo et al. 2011) . The tammar wallaby (Macropus eugenii) is a macropodid marsupial with a gyrencephalic brain and a relative brain size or encephalization quotient similar to the sheep (Renfree et al. 1982 Zilles et al. 2013) . The existence of an organized SVZ has been previously reported for the developing neocortex of the tammar and another marsupial, the South American gray short-tailed opossum Monodelphis domestica (Cheung et al. 2010) . However, precise data on the presence and abundance of the distinct NPCs, especially of bRG, in the developing neocortex of marsupials are lacking. Indeed, the current hypothesis is that bRG are restricted to eutherian mammals (De Juan Romero and Borrell 2015) . It was therefore the aim of this study to extensively characterize and quantify the distinct NPCs in the developing neocortex of the tammar wallaby (Macropus eugenii), to determine whether bRG are universally required for the generation of an expanded neocortex or whether this marsupial species has adopted a different strategy for neocortex development and expansion.
Our data demonstrate that the developing neocortex of a marsupial mammal, the tammar wallaby, is characterized by remarkably high NPC diversity. Importantly, we show that bRG exist at high relative abundance in the tammar SVZ, indicating that this cell type is not specific to the developing neocortex of eutherians and that similar mechanisms may underlie the formation of an expanded neocortex in eutherian and marsupial mammals. We also provide for the first time evidence that bRG are likely to have been present in the therian ancestor, so did not emerge independently in the eutherian and marsupial lineages. Moreover, our data provide strong support for the concept that changes in multiple parameters including relative and absolute abundance of distinct NPCs and cell-cycle length contribute to neocortex expansion.
Materials and Methods

Tissue Samples
Tammar wallaby brain tissue was obtained from the marsupial research facility, School of BioSciences, The University of Melbourne. The age of the animals ranged from fetal stages at day (d)19 of pregnancy (RPY) to d146 postpartum (pp) (d19 RPY, n = 1; d22 RPY, n = 1; d5 pp, n = 2; d20 pp, n = 1; d38 pp, n = 1; d44 pp, n = 1; d56 pp, n = 1; d62 pp, n = 2; d74 pp, n = 2; d89 pp, n = 2; d101 pp, n = 1; d134 pp, n = 1; d146 pp, n = 1). Fetuses and pouch young under d50 pp were killed by instant decapitation with a sharp scalpel blade. Pouch young over d50 pp were sedated by intramuscular injection with 0.1 mL of 100 mg/mL Zoletil (Virbac Animal Health) then killed by an "intraperitoneal" overdose of pentobarbitone sodium (60 mg/mL to effect). All experiments were approved by The University of Melbourne Animal Institutional Animal Ethics Committee and in accordance with the National Health and Medical Research Council Guidelines (2013) . Whole fetuses at days 19 and 22 RPY, respectively, were fixed immediately in 4% paraformaldehyde (PFA) then washed in phosphate-buffered saline (PBS) and stored in 70% ethanol at 4°C until processing. Pouch young from d5 to d146 pp were carefully dissected and brains, including neocortex, were fixed in 4% PFA for 2 days at 4°C. Brains were then washed in PBS and stored in 0.02% PBS azide until processing.
Sheep fetuses from embryonic day (E) 60 were obtained from a time-pregnant Merino mutton sheep from the teaching and research facility Oberholz of the Faculty of Veterinary Medicine, University of Leipzig. The animal was anesthetized by intravenous injection of Pentobarbital (60 mg/kg). All sheep experiments were performed in accordance with German animal welfare legislation and were approved by the Landesdirektion Leipzig. Fetuses were carefully dissected and brains, including neocortex, were fixed in 4% formalin for at least 2 days and stored in PBS at 4°C.
Immunocytochemistry
One hemisphere per animal was used for cryosectioning, the other hemisphere was used for vibratome sectioning. For cryosectioning, fixed hemispheres were dehydrated in 30% sucrose in PBS at room temperature until they sank to the bottom, embedded in Tissue-Tek (Sakura Finetek) and stored at −20°C. For vibratome sectioning, fixed hemispheres were embedded in 3% low-melting agarose in PBS and stored at 4°C. Tammar and sheep cryosections were cut at 30 μm stored at −20°C and tammar and sheep vibratome sections were cut at 75 μm and stored in PBS at 4°C until further processing. Complete telencephalon was cut coronally and sections at a medium position with regard to the rostro-caudal axis were used for immunohistochemistry. All sections were first subjected to an antigen retrieval protocol. Cryosections on glass slides were heated for 1 h at 90°C in 0.01 M citrate buffer (pH 6). Free-floating vibratome sections were heated for 1.5 h at 95°C in 0.01 M citrate buffer (pH 6). Afterwards, sections were permeabilized with 0.3% Triton X-100 in PBS, quenched with 0.1 M glycine and subjected to an immunohistochemistry protocol as described previously (Fietz et al. 2010) . Primary antibodies were incubated overnight at 4°C and secondary antibodies were incubated for 1 h at room temperature. The following primary antibodies were used: Tbr1 PH3, 1:200, rat, abcam, ab10543; rabbit, Millipore, 06-570) . Donkey secondary antibodies coupled to Alexa 405 (1:500, Abcam) and Alexa 488, 555, 647 (1:500, Life Technologies) were used. All sections were counterstained with DAPI (1:500, Sigma, except for quadruple immunofluorescence), mounted in Mowiol (Merck Biosciences) and kept at 4°C.
Image Acquisition and Cell Counting
Fluorescence images were acquired using a Leica SP8 confocal laser-scanning microscope, using ×20 or ×40 objectives. Images were acquired as 3.121 μm (×20) or 1.271 µm (×40) single optical sections. All panels shown represent single optical sections unless indicated otherwise. All images were processed using Fiji or Photoshop software (Adobe). The VZ was identified as a densely packed cell layer that lines the lateral ventricle and whose nuclei exhibit radial morphology. The SVZ was identified as a cell layer adjacent to the VZ that exhibit a looser and sparser cell arrangement than the VZ. The intermediate zone (IZ)/ subplate (SP) was identified as cell layer between the SVZ and the cortical plate (CP) that exhibit a very low cell density. The preplate (PP) appeared as a thin relatively dense cell layer adjacent to the germinal zones at d22 RPY. The CP was identified as densely packed cell layer adjacent to the IZ/SP.
Quantification of cells for the parameters indicated was performed using Fiji software using a Multiclass Cell Counter plugin (Schindelin et al. 2012) . The fluorescence signal of single channels was counted using grayscale color. All quantifications were performed on images from the dorsal-lateral telencephalon. Cell numbers for relative bRG and basal tangential glia (bTG) abundances were expressed as percentage of total pVim+ cells. The radial thickness of the germinal zones and the length of the ventricular surface were determined by tracing it using Fiji software. Data were further processed using Prism software (GraphPad Software).
Ancestral State Reconstruction
The analysis was conducted in R using the ape package (Paradis et al. 2004; Paradis 2012 ). First the species-level mammal supertree from Bininda-Emonds et al. (2007) was loaded and pruned to 7 different species of interest (Callithrix jacchus, Mus musculus, Mustela putorius, Homo sapiens, Ovis aries, Macaca fascicularis, Macropus eugenii). Data for relative bRG abundance in Callithrix jacchus (Kelava et al. 2012) , Mus musculus (Wang et al. 2011) , Mustela putorius (Fietz et al. 2010) , Homo sapiens (Fietz et al. 2010) , Ovis aries (Pilz et al. 2013) , Macaca fascicularis (Betizeau et al. 2013) were obtained from the literature. Data for relative bRG abundance in the developing tammar neocortex were analyzed in this study (Fig. 3K ). For comparison, only values for relative bRG abundance of equivalent stages quantified from neocortical sections stained for pVim were included in this analysis. Values for relative bRG abundance of extinct hypothetical ancestral species were estimated by fitting an evolutionary model to the values for the 7 extant species. Specifically, ancestral phenotypes were reconstructed using the ancestral character estimation (ace) function in the ape package (Paradis et al. 2004; Paradis 2012) . Given that data for relative bRG abundance are only available from extant species, a basic model for continuous trait evolution was applied. This model assumes that character values evolve according to a Brownian motion process, where they evolve randomly following a random walk (Schluter et al. 1997) . The model was fitted by maximum likelihood (ML) (Felsenstein 1973; Schluter et al. 1997 ). The ML estimation was done simultaneously on the ancestral values and the variance of the Brownian motion process (Paradis et al. 2004; Paradis 2012) .
Regression Analysis
Nonlinear regression analysis applying Marquardts least squares were performed using pro Fit software (quansoft). Neocorticalization ratio was defined as neocortex volume/(brain volume -neocortex volume) (Dunbar 1992) . Data for neocortex and brain volume were collected from 7 different species (Ebinger 1974; Pirlot 1981; Stephan et al. 1981; Röhrs 1986; Beatty and Laughlin 2006) . Data for relative bRG abundance were obtained from corresponding developmental stages (Callithrix jacchus [Kelava et al. 2012 ], Mus musculus [Wang et al. 2011 ], Mustela putorius [Fietz et al. 2010 ], Homo sapiens [Fietz et al. 2010 ], Ovis aries [Pilz et al. 2013] , and Macaca fascicularis [Betizeau et al. 2013] ). Data for relative bRG abundance in the developing tammar neocortex were analyzed in this study (Fig. 3K) . For comparison, only values for relative bRG abundance of equivalent stages quantified from neocortical sections stained for pVim were included in this analysis.
Results
SVZ Expansion Correlates with Peak Stages of Neurogenesis in the Tammar Neocortex
To define the precise period of cortical neurogenesis, when NPCs are most active, we first analyzed tammar neocortical sections from different developmental stages ranging from fetal stages at day (d) 19 after removal of the pouch young (RPY) to d146 postpartum (pp) for the expression of distinct neuronal markers, that is, Tbr1 and Brn2. Consistent with previous findings in eutherians (Hevner 2007; Molyneaux et al. 2007 ), Tbr1+ neurons appeared early during development and predominantly accumulated in the deep layers, whereas Brn2+ neurons appeared at later stages during development and accumulated mostly in the upper layers of the CP ( Fig. 1 and Supplementary Fig. 1 ). Quantification of neurons within the full thickness of the PP or CP showed that while cortical neurogenesis in the tammar starts before birth, as early as d22 RPY (Fig. 1A,B) , the overwhelming majority of neurons appear within the first 100 days after birth (Fig. 1A) . At the end of neurogenesis, upper layers occupied more than half of the tammar CP which is similar to eutherians that possess a high degree of neocortex expansion (Fig. 1F) .
Before the onset of cortical neurogenesis, at d19 RPY, the tammar cortical wall exclusively consists of a thin VZ ( Fig. 2A) whose thickness expands until d5 pp and progressively declines during mid and late neurogenesis . The first evidence for the formation of the SVZ was obtained at d22 RPY (Fig. 2B) , coinciding with the first appearance of neurons in the PP (Fig. 1A,B) . The SVZ thickness undergoes rapid expansion during mid neurogenesis to reach a maximum between d56 and d74 pp, after which it shows a progressive decline . This indicates that the SVZ is largest at developmental stages when upper layers of the CP are being formed. Quantification of NPCs, identified by PCNA-positive immunoreactivity, within the full thickness of the germinal zones revealed that the SVZ becomes a major NPC pool after d44 pp (Fig. 3C ). These observations confirm previous findings on the emergence of the neocortical SVZ during mammalian evolution (Cheung et al. 2010) and are in line with the notion that the SVZ is an important site of cortical neurogenesis (Kriegstein and Alvarez-Buylla 2009; Martinez-Cerdeno et al. 2012; Geschwind and Rakic 2013) .
High Relative Abundance of bRG in the Tammar SVZ at Peak Stages of Neurogenesis
To investigate whether the developing tammar SVZ contains bRG, we first considered the fact that eutherian bRG express the transcription factor Pax6 but not Tbr2 (Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011; Kelava et al. 2012; Betizeau et al. 2013) , and examined the tammar neocortex for the occurrence of Pax6+ and/or Tbr2+ progenitors. In line with previous observations (Cheung et al. 2010) , tammar VZ progenitors were Pax6+ and largely Tbr2-with the number of Pax6+/Tbr2-VZ progenitors increasing until d5 pp and progressively declining thereafter to reach a minimum at d146 pp (Figs 2A-M and 3D) . With the onset of neurogenesis, Tbr2-expressing progenitors (Pax6-/Tbr2+ and Pax6+/Tbr2+) appeared in the SVZ and rapidly expanded during early-mid neurogenesis until d20 pp . Intriguingly, at later stages of development, NPCs exclusively expressing Pax6 (Pax6+/Tbr2-) appeared in the SVZ with their numbers peaking at mid neurogenesis, that is, between d44 and d74 pp . This abundance of Pax6+ progenitors raises the possibility that the developing tammar SVZ contains bRG at peak stages of neurogenesis.
A major feature of bRG is the retention of radially orientated processes throughout the cell cycle, including M-phase Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011; Kelava et al. 2012; Martinez-Cerdeno et al. 2012; Betizeau et al. 2013; Pilz et al. 2013) . To examine whether NPCs in the tammar SVZ extend radially oriented processes during M-phase at peak stages of neurogenesis, we next analyzed the d44-74 pp neocortex by immunohistochemistry for phosphorylated vimentin (pVim). This revealed that apically dividing progenitors, that is, APs, extend a basal process at M-phase, as do eutherian APs (Fig. 4A) (Miyata et al. 2001; Kosodo et al. 2008) . Remarkably, the tammar SVZ not only contained mitoses that lack processes of any significant length, resembling IPs (Fig. 4C ), but also mitoses that maintain at least one well-developed radially oriented process, thus resembling bRG (Fig. 4D,F ,G,I and Supplementary Fig. 2A-C) . Depending on the number and direction of processes, 3 different bRG morphologies can be distinguished in the eutherian SVZ (Betizeau et al. 2013; Pilz et al. 2013 ): 1) monopolar bRG with a basal process, referred to as bRG-basal-process (-P), 2) monopolar bRG with an apical process, referred to as bRG-apical-P, and 3) bipolar bRG with a basal and an apical process, referred to as bRG-both-P. Interestingly, all 3 different bRG morphologies exist in the tammar neocortex (Fig. 4D,F,G,I and Supplementary Fig. 2A-C) . Specifically, 59% of cells were classified as bRG-basal-P, 12% of cells were classified as bRG-apical-P, and 29% of cells were classified as bRG-both-P (Fig. 4L) . We observed that none of the apical processes extending from dividing cells in the tammar SVZ reached the ventricular surface (Fig. 4D,G,I and Supplementary Fig. 2B,C) . Moreover, Par3 and aPKC, 2 proteins associated with the apical cell cortex (Manabe et al. 2002; Wodarz and Huttner 2003; Costa et al. 2008 ) and ZO-1, a protein associated with the adherens junctions (Aaku-Saraste et al. 1996), were highly concentrated at the ventricular surface ( Supplementary Fig. 3 ), but not in the tammar SVZ. This is consistent with the notion that tammar bRG lack an apical domain.
If the tammar bRG resemble eutherian bRG, one would expect them to express Pax6 but not Tbr2. Triple immunofluorescence for pVim, Pax6, and Tbr2 revealed that, similar to eutherian bRG, all 3 tammar bRG subtypes were Pax6+ and largely Tbr2- (Fig. 4D,F ,G,I,Q and Supplementary Fig. 2A-C) . This expression pattern differed from the one observed for the process-lacking SVZ mitoses that showed, similar to eutherian IPs (Englund et al. 2005; Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011; Kelava et al. 2012 ), a higher abundance of Tbr2+ cells (Fig. 4C,P) . This indicates that the process-lacking mitoses in the tammar SVZ belonged to the IP cell population. In addition, eutherian AP and bRG express the cytoplasmic markers nestin and glast (Kriegstein and Götz 2003) . We found that both proteins were expressed in the cell body cytoplasm of the tammar VZ and SVZ ( Supplementary Fig. 4A,B) . Moreover, double immunofluorescence for pVim and nestin or glast showed that nestin and glast immunoreactivity was observed not only in the cell body but also in the radially extending processes of tammar APs, bRGbasal-P, bRG-apical-P, and bRG-both-P (Supplementary Figs 4C,D and 5C-H).
Together, our findings suggest that a major fraction of NPCs in the tammar SVZ exhibit bRG properties at peak stages of neurogenesis. Similar to eutherian bRG (Fietz and they extend 1 or 2 radially oriented processes at M-phase, lack an apical domain, maintain Pax6, nestin and glast expression and down-regulate Tbr2 expression (Supplementary Fig. 6 ). We therefore conclude that the tammar SVZ contains bRG at a high relative abundance at peak stages of neurogenesis.
High Neural Progenitor Diversity in the Developing Tammar Neocortex
Strikingly, the analysis of the developing tammar cortical wall revealed the presence of 2 additional basally dividing NPCs. First, we found a small percentage of radially oriented mitoses (~1%) in the basal part of the tammar VZ that exhibits not only a basally directed process but also an apical process that extends to the ventricle, which is consistent with the notion that they display an apical domain (Fig. 4B) . These cells resemble SAPs whose infrequent abundance has been described recently in the developing eutherian neocortex (Fig. 4J) (Pilz et al. 2013; Florio and Huttner 2014) . Until now, details about their cell biological properties including molecular marker expression are lacking. We demonstrated that, similar to dividing APs and bRG, the tammar SAPs were found to be Pax6+ and largely Tbr2- (Fig. 4B,O) . Moreover, they express the cytoplasmic marker proteins nestin and glast ( Supplementary Fig. 4E,F) .
Second, we observed a relatively high relative abundance of SVZ mitoses that maintain 1 or 2 tangentially oriented processes, that is, a process that is oriented parallel to the ventricular surface, in the d44-d74 pp tammar SVZ (Fig. 4D ,E,H and Supplementary Fig. 2D,E) . Based on the location of mitosis and process orientation, we classified them as basal tangential glia (bTG). Specifically, we observed 2 main bTG morphologies: 1) 43% of bTG extend one tangential process, referred to as onebTG and 2) 57% of bTG extend 2 tangential processes, referred to as both-bTG (Fig. 4M) . Similar to dividing APs and bRG, virtually all tangentially oriented mitoses were Pax6+ but Tbr2- (Fig. 4D ,E,H,R and Supplementary Fig. 2D,E) . Moreover, nestin and glast were found to be expressed in their cell body as well as in their extending processes ( Supplementary Fig. 5I-L) . Taken together, our findings reveal that the developing tammar neocortex consists of 3 main NPCs: APs, SAPs, and BPs ( Supplementary Fig. 6 ). At least 3 distinct subtypes can be distinguished within the tammar BP population: the processlacking bIP and the process-bearing bRG and bTG. Depending on the number and orientation of processes, 3 different bRG morphologies (bRG-apical-P, bRG-basal-P, and bRG-both-P) and 2 different bTG morphologies (one-bTG and both-bTG) were observed ( Supplementary Fig. 6 ). This indicates that the tammar SVZ displays a remarkably high NPC diversity at peak stages of neurogenesis.
Possible Emergence of bRG Before the Eutherian-Metatherian Split
Our finding of the high relative abundance of bRG in the developing tammar neocortex leads to the question of whether this cell type emerged independently in the neocortex of the marsupial and eutherian lineages or whether it was already present in the neocortex of their common ancestor and thus emerged before the marsupial-eutherian split. To address the evolutionary emergence of bRG, we used an ancestral state reconstruction analysis that combines phylogeny proximity with the measured relative bRG abundance in the developing neocortex for a wide range of extant species and extrapolates the relative bRG abundance for their ancestors (Fig. 5A) . This revealed the following possibilities: first, the ancestor of marsupial and eutherian mammals might have contained bRG. Second, using this statistical model the relative bRG abundance in the neocortex of this common ancestor was estimated to be 33.2% and thus similar to that observed in extant mammals exhibiting a relatively high degree of neocortex expansion. Third, the relative bRG abundance might have changed during speciation of marsupial and eutherian mammals.
To investigate whether differences in relative bRG abundance relate to the degree of neocorticalization, we used a nonlinear regression analysis to test for a scaling relationship between relative bRG abundance and neocorticalization ratio defined as neocortex volume/(brain volume -neocortex volume) across 7 different eutherian and marsupial species (Fig. 5B) (Dunbar 1992 ). This revealed a positive relationship between both parameters with increasing relative bRG abundances resulting in a subexponential increase of the neocorticalization ratio (Fig. 5B) . This indicates that relative bRG abundance might be relevant for the degree of neocorticalization. Interestingly, the tammar and the sheep neocortex display similar relative bRG abundance at peak stages of neurogenesis; however, both species differ in their level of neocorticalization ratio (Fig. 5B) . This suggests that additional parameters might contribute to the expansion of the neocortex.
Low Absolute Abundance of Cycling Cells and Cells in M-phase in the Developing Tammar SVZ
When quantifying the distinct NPCs, we got the impression that the absolute number of cycling progenitors and the number of mitotic cells was markedly low in the tammar SVZ. This encouraged us to obtain comparative data for the absolute number of cycling cells and cells in M-phase of the tammar and sheep SVZ at equivalent stages of development. Indeed, we found that the absolute number of cycling cells identified by PCNA immunofluorescence as well as the number of cells in Mphase identified by PH3 immunofluorescence was lower in the tammar SVZ compared with the sheep SVZ (Fig. 6A-D) . Moreover, we observed that the absolute number of bRG, quantified within the full thickness of the SVZ, was lower in the tammar compared with the sheep (Fig. 6E) . Together, these data indicate that the developing tammar and sheep neocortices differ in the absolute abundance of NPCs including bRG.
Interestingly, we observed that the magnitude of the reduction was greater for PH3+ cells marking cells in M-phase (Fig. 6D ) than for PCNA+ cells marking cells in M-, G1-, S-, or G2-phase (Fig. 6C) in the tammar VZ and SVZ when compared with the corresponding sheep germinal zones. This encouraged us to obtain quantitative data for the number of cells in M-phase expressed as a percentage of cycling cells for tammar and sheep VZ and SVZ (Fig. 6F,G) . Given that the length of M-phase is expected to be similar for NPCs of different mammalian species and developmental stages, a low value for the number of cells in M-phase expressed as a percentage of cycling cells would indicate that the cells might have a longer cell cycle when compared with those cells for which a higher value was observed (Kelava et al. 2012) . We found that the number of cells in Mphase expressed as a percentage of cycling cells in the tammar VZ showed a decline from d5 pp to d146 pp (Fig. 6F) suggesting a lengthening of the AP cell cycle during development. This is consistent with the notion that the progression of neurogenesis is accompanied by cell-cycle lengthening of eutherian APs (Takahashi et al. 1995; Calegari et al. 2005; Arai et al. 2011) . Moreover, the percentage of cycling cells that were in M-phase was lower in the tammar SVZ compared with the VZ of the same developmental stage suggesting a longer cell cycle for tammar BPs compared with APs (Fig. 6F) . Intriguingly, the percentage of cycling cells that were in M-phase was markedly lower in the d62 pp tammar VZ and SVZ when compared with those of the E60 sheep germinal zones (Fig. 6G) . Together, this suggests that the cell cycle of tammar NPCs is longer than that of sheep at peak stages of neurogenesis.
Interestingly, the percentage of cycling cells that were in M-phase was lower in the tammar SVZ at early neurogenesis, that is, d5 and 20 pp, when Tbr2+ progenitors were highly abundant, compared with mid neurogenesis, that is, d56 and 62 pp, when Pax6+ progenitors accumulated in the SVZ (Fig. 6F) . This indicates that the Tbr2+ subpopulation, mainly representing IPs, might display a slower cell cycle than the Pax6+ subpopulation including bRG. Indeed, quadruple immunofluorescence for PH3, PCNA, Pax6, and Tbr2 revealed that the number of cells in Mphase expressed as a percentage of cycling cells was higher for the Pax6+/Tbr2-SVZ progenitors when compared with Pax6+/ Tbr2+ and Pax6-/Tbr2+ SVZ progenitors (Fig. 6H,I ). The lowest percentage was observed for the Pax6-/Tbr2+ subpopulation (Fig. 6I) . Together, our findings indicate that the Tbr2+ subpopulation of the tammar SVZ might have a markedly slow cell cycle, which is in contrast to a previous study in the marsupial short-tailed opossum reporting that the Tbr2+ population might belong to a noncycling cell population (Puzzolo and Mallamaci 2010) .
Discussion
This study provides a comprehensive characterization of the NPCs in the developing neocortex of a marsupial mammal, the tammar wallaby. We show-for the first time-that bRG exist in the marsupial SVZ as has been observed for the developing neocortex of eutherians (Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011; Kelava et al. 2012; Betizeau et al. 2013; Pilz et al. 2013 ). This finding clearly reveals that the occurrence of bRG is a characteristic of different mammalian infraclasses and thus is not specific to eutherians as previously hypothesized (De Juan Romero and Borrell 2015) .
The question then arises as to whether bRG emerged independently in the neocortex of the marsupial and eutherian lineages or whether bRG were already present in the neocortex of their common ancestor. Our analysis of the evolutionary relationship between relative bRG abundance in the developing neocortex across several eutherian and marsupial species clearly raises the possibility that bRG were already present in the neocortex of the therian ancestor and thus likely emerged before the marsupial-eutherian split. Moreover, the possibility that the neocortex of the therian ancestor might have contained bRG at high relative abundance is consistent with the notion that the common ancestor of all mammalian infraclasses probably displayed a gyrencephalic brain with a high degree of neocortex expansion (Kelava et al. 2013; O'Leary et al. 2013) . In future studies, it will be important to obtain and analyze detailed data for the relative abundance of bRG and other NPCs from a wide range of extant marsupial and eutherian mammals in order to gain a deeper understanding of the evolution of bRG and other distinct progenitor subtypes in the neocortex development of therian mammals.
Using a nonlinear regression analysis, we found an overall positive relationship between relative bRG abundance and neocorticalization ratio across various eutherian and marsupial species, which suggests that similar mechanisms, that is, high relative bRG abundance, may underlie the formation of an expanded neocortex in both eutherian and marsupial species. Recent reports have hypothesized that multiple NPC parameters contribute to neocortex expansion (Kelava et al. 2012; Florio and Huttner 2014; De Juan Romero and Borrell 2015) . Indeed, this concept is supported by the results of our study, as the tammar and sheep neocortex have similar relative bRG abundance, but differ slightly in their level of neocorticalization ratio with the ratio of the sheep exceeding that of the tammar. In this context, we show that the absolute number of NPCs, including bRG, quantified within the full thickness of the germinal zones, was lower in the tammar compared with the sheep. Moreover, we found that the percentage of cycling cells in M-phase was lower in the tammar VZ and SVZ compared with the corresponding sheep germinal zones. This opens the possibility that the tammar NPCs might display a longer cell cycle than that of sheep. Further studies using kinetic measurements are needed in order to directly measure the cell-cycle length of the tammar NPCs and to compare it with that of eutherian mammals. Together, our findings indicate that-in addition to the relative bRG abundance-the tammar might have adopted fine adjustments in NPC parameters including absolute number of NPCs and cell-cycle length that likely contribute to the development and expansion of its neocortex. These data are in line with previous reports that identified cellcycle length as a potential regulator for neuronal output (Takahashi et al. 1995; Kornack and Rakic 1998; Calegari and Huttner 2003; Calegari et al. 2005; Lange et al. 2009; Pilaz et al. 2009; Arai et al. 2011; Kelava et al. 2012; Geschwind and Rakic 2013; Nonaka-Kinoshita et al. 2013) . A multivariable regression analysis that incorporates relative bRG abundance and other possible confounding parameters of marsupial and eutherian neocortex development will provide deeper insight into the interaction of factors that contribute to neocortex expansion.
In addition to the process-bearing bRG, our study reveals that the developing tammar SVZ contains a BP cell type, which we referred to as bTG. This cell type exhibits tangential processes aligned parallel to the ventricular surface and expresses similar marker proteins as bRG. The presence of this cell type has been previously mentioned in the developing primate SVZ (Betizeau et al. 2013 ), but in much lower abundance (<1%) compared with the developing tammar SVZ (~10%). In contrast to this previous study (Betizeau et al. 2013) , we observed 2 main bTG subtypes: one-bTG extending one tangential process and both-bTG extending 2 tangential processes. In this regard, it is interesting to note that a subpopulation of NPCs displaying one or more processes running parallel to the ventricular surface has been identified in the adult rodent SVZ (Shen et al. 2008) . Further studies that address the proliferative potential and the neuronal output of this cell type are needed in order to evaluate its possible significance for mammalian brain evolution.
In conclusion, our study reveals that the developing neocortex of a marsupial mammal, the tammar wallaby, is characterized by remarkably high NPC diversity. Importantly, bRG exist at high relative abundance in the tammar SVZ, demonstrating that this cell type is not specific to the eutherian neocortex. Our data also raise the possibility that bRG are likely to have been present in the therian ancestor, thus might not have emerged independently in the eutherian and marsupial lineages and indicate that general mechanisms underlying the generation of an expanded neocortex seem to be conserved between eutherian and marsupial species. In addition, our data strongly support the concept that changes in multiple NPC parameters might contribute to neocortex expansion (Kelava et al. 2012; Florio and Huttner 2014; De Juan Romero and Borrell 2015) . Together, this study provides novel insight into the evolution of bRG and other distinct NPCs in the neocortex development of therian mammals and expands our current understanding of the possible contribution of NPCs to neocortex expansion.
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